Introduction
Bipolar cells (BCs) are central neurons of the retina which carry light-elicited signals from photoreceptors and horizontal cells (HCs) in the outer retina to amacrine cells (ACs) and ganglion cells (GCs) in the inner retina (Dowling, 1987) . BCs are the first neurons along the visual pathway that exhibit center-surround antagonistic receptive field (CSARF) organization, the basic synaptic circuit for encoding spatial information. Neurons with adjacent CSARFs converge into higher-order visual cells and form more complex receptive fields (Hubel and Wiesel, 1962) . BCs may be on-center with off-surround [depolarizing BCs (DBCs)], or off-center with on-surround [hyperpolarizing BCs (HBCs) ]. In addition to dividing into DBCs and HBCs, BCs are further classified according to their rod/cone inputs: rod (or roddominated), cone (or cone-dominated), or mixed rod/cone BCs (Wu et al., 2000; Wassle, 2004) . By using whole-cell voltage clamp technique in living retinal slices, we found in previous studies that BCs with different rod/cone inputs exhibit different axonal morphology [levels of axon terminal stratification in the inner plexiform layer (IPL)] and different spontaneous and light-evoked responses (Wu et al., 2000; Pang et al., 2004) . Because of geometric limitations of the retinal slice preparation, we could not study receptive field properties of various types of BCs, and thus many important knowledge gaps remained unfilled. For example, it was not clear whether the receptive field center size of different types of BCs differ, and why the receptive field centers of most BCs were much larger than their dendritic fields (Borges and Wilson, 1987; Hare and Owen, 1990) . Additionally, it was uncertain whether DBCs/HBCs with different rod/cone inputs generate surround responses through the same synaptic pathways.
In this study, we fill these knowledge gaps by systematically investigating detailed center-surround receptive field properties of a large number of BCs in the flat-mounted tiger salamander retina. We examine center and surround response properties, degree of dye coupling, and membrane resistance changes associated with the center and surround responses in over 250 BCs. Our study renders a comprehensive description of how centersurround receptive fields of various types of BCs are organized, and provides evidence that challenges the common assumption that receptive fields of subtypes of visual neurons are mediated by same synaptic pathways.
Materials and Methods
Flat-mounted, isolated retinas of larval tiger salamanders (Ambystoma tigrinum) purchased from Charles E. Sullivan, CO and KONЈs Scientific Company were used in this study. Animals were handled in accordance with the policies on treatment of laboratory animals of Baylor College of Medicine and the National Institutes of Health. Detailed experimental procedures were described in previous publications (Yang and Wu, 1989; Zhang et al., 2006) . Before an experiment, the animal was dark-adapted for at least 2 h and then decapitated and dissected under infrared illumination with a dual-unit Nitemare (BE Meyers). Oxygenated Ringer's solution was introduced to the superfusion chamber at a rate of ϳ5 ml/min, so that the retina was immersed totally under solution. The control Ringer's solution contained 108 mM NaCl, 2.5 mM KCl, 1.2 mM MgCl 2 , 2 mM CaCl 2 , and 5 mM HEPES (adjusted at pH 7.7). Bath applied pharmacological agents were dissolved in Ringer's solution, and pH was readjusted after agents were dissolved.
Intracellular recordings were made with micropipettes drawn out on a modified Livingstone puller or Sutter microelectrode puller with singlebarrel dot tubing. The pipettes were filled with 2 M potassium acetate and have resistance, measured in Ringer's solution of 100 -600 M⍀. Bipolar cells, amacrine cells, and ganglion cells were recorded with a microelectrode amplifier (MEZ-8300, Nihon Kohden). For conductance measurements, trains of constant current steps of given amplitude and duration were generated by the internal circuit of the amplifier, and voltage changes were monitored by the MEZ-8300 system. For cell morphology and dye coupling studies, microelectrode tips were filled with 3% Neurobiotin and 1% Lucifer yellow in 50 mM Tris and backfilled with 3 M lithium chloride. After physiological experiments, dyes were injected with positive and negative currents (1-5 nA, 3 Hz, 30 min). Then the tissues were fixed with 4% paraformaldehyde for 2 h and were subsequently immunolabeled with streptavidin conjugated Cy-3. Cell morphology and patterns of dye coupling were visualized with a confocal microscope (Zeiss 510). Images were acquired by using a ϫ25 or ϫ40 oil-immersion objective (numerical aperture ϭ 0.75), the 458 nm excitation line of an argon laser, and a long-pass 505 nm emission filter. Consecutive optical sections were stacked into a single image using the Zeiss LSM-PC software, and the stacked images were further processed in Adobe Photoshop 6.0 to improve the contrast.
A new computerized, dual-beam light stimulator with an automated projector head, was constructed for experiments that require center and surround light stimuli in flat-mounted retinas. Both light beams pass through interference filters, neutral density filters and apertures of various configurations mounted on motorized wheels controlled by the computer. The receptive field of a given cell was mapped by a moving light bar (100 m wide) through the automated projector head in two orthogonal directions, and the cell's receptive field center was determined by the intersecting point of the maximum responses to the light bar in the two directions. The center light spot (with various diameters) and a concentric surround light annulus (with various inner and outer diameters) were projected to the retina. The receptive field center diameter (RFCD) is determined as the mean distance that the light bar needs to travel from eliciting 5% of the maximum center response in one direction of the center location to eliciting 5% of the maximum response in the opposite direction. The intensity of unattenuated 500 nm light (log I ϭ 0) is 2.05 ϫ 10 7 photons/m 2 /s.
Results

Morphology, patterns of dye coupling and light responses of six types of bipolar cells
BCs in the flat-mounted tiger salamander retina were recorded with microelectrodes. When filled with Lucifer yellow and/or neurobiotin, they were identified morphologically by their somas located in the inner nuclear layer (INL) or in the proximal margin of the outer nuclear layer (ONL) (displaced BCs) (Maple et al., 2004) , dendrites in the outer plexiform layer (OPL), and an axon extended to the IPL . All BCs exhibited centersurround antagonistic receptive fields. One hundred eighty-one cells responded to a center light spot with membrane hyperpolarization, and to a surround light annulus with depolarization, these are the HBCs. Seventy-three cells responded to center light with depolarization and surround light with hyperpolarization, and they are the DBCs. Figure 1a shows fluorescent micrographs of a neurobiotinfilled, rod-dominated HBC (HBC R , column 1), a mixed rod/cone HBC (HBC M , column 2), a cone-dominated HBC (HBC C , column 3), a cone-dominated DBC (DBC C , column 4), a mixed rod/cone DBC (DBC M , column 5), and a rod-dominated DBC (DBC R , column 6) viewed with a confocal microscope at the outer INL/OPL level (Fig. 1a i ) , the IPL level (Fig. 1a ii ), and with z-axis rotation (Fig. 1a iii ) . We list these BCs in this order based on the levels of their axon terminal stratification in the IPL [from distal margin (0%) to proximal margin (100%) of the IPL] (Fig.  1a iii ) . Figure 1b i shows BC voltage responses to 500 and 700 nm light steps of various intensities, and Figure 1b ii illustrates response-intensity (V-Log I) curves of the responses to 500 and 700 nm lights. We have shown that HBCs or DBCs in the salamander retina can be classified according to their relative rod/cone inputs by the spectral difference method (Yang and Wu, 1990; Pang et al., 2004) . The spectral difference of a cell (⌬S) is defined as S 700 -S 500 (in which S 700 and S 500 are intensities of 700 and 500 nm light-eliciting responses, respectively, of the same amplitude). Because ⌬S for the rods is ϳ3.4 and that for the cones is ϳ0.1 in the salamander retina (Yang and Wu, 1990) , we defined BCs with ⌬S Ͼ2.0 rod-dominated BCs, BCs with ⌬S Ͻ1.0 cone-dominated BCs, and BC with 1.0 Ͻ⌬S Ͻ2.0 mixed rod/ cone BCs. The ⌬Ss of the six BCs in Figure 1 are 2.13, 1.51, 0.30, 0.57, 1.45, and 2.25, suggesting that they are HBC R , HBC M , HBC C , DBC C , HBC M , and HBC R , respectively. These are consistent with our voltage clamp data from retinal slices that BCs with axon terminals stratified near the IPL distal margin are HBC R s, those with axon terminals stratified progressively toward the distal IPL margin are (in progressive order) HBC M , HBC C , DBC C , DBC M , and DBC R . We performed these experiments on 173 BCs and ⌬S values for each cell were correlated with the levels of axon terminal stratification in the IPL as revealed by Lucifer yellow or neurobiotin fluorescence. The total cell numbers for the six BC types are given in Table 1 , column 2.
With neurobiotin injections, we found that the six types of BCs exhibit different patterns of dye coupling. The numbers of dye-coupled somas (N DC , 30 min dye injection time for all cells) in Figure 1a i are 10, 5, 2, 8, 3, and 1, respectively, for the HBC R , HBC M , HBC C , DBC C , DBC M , and DBC R . These numbers are consistent with N DC within each type (Table 1 , column 3). In each BC type, the injected cell body and other labeled somas are located at the same level of the INL, and their axon terminals stratified at about the same level in the IPL, indicating the dyecoupled cells are likely to be the same type. The only exception to this rule is the DBC C s, around which we often found labeled somas that did not bear axons projecting to the IPL. In Figure 1a i , column 4, for example, three of the eight labeled somas (arrowheads) were horizontal cells. This is consistent with results from previous studies that some wide field horizontal cells (B-type) in the salamander and mammalian retinas are dye coupled with a population of bipolar cells with axon terminals stratified in IPL sublamina B (Zhang et al., 2006) .
Receptive field center sizes of various types of bipolar cells
Assuming that the extent of dye coupling correlates with the strength of electrical coupling (Zhang et al., 2006) , then the results in Figure 1a i -a iii suggest that HBC R s are strongly coupled with one another, DBC R s are not coupled, and HBC M s, HBC C s, DBC C s, and DBC M s are intermediately coupled. This kind of electrical coupling (among the same cell types) is known to increase the receptive field size of the horizontal cells (Zhang et al., 2006) and other retinal neurons (Bloomfield and Xin, 1997), and thus it should affect the receptive field center size of BCs. We therefore examined the receptive field center diameter of each type of BCs by recording voltage responses to a 100 m-wide light bar moving stepwise (with 120 m step increments) across the receptive field (Fig. 1c) . The receptive field center diameters (RFCDs) (see Materials and Methods) of the six BCs in Figure 1 are 620, 451, 383, 372, 325, and 263 m, respectively. The average (ϮSD) RFCDs of the six types of BCs (a total of 134) are listed in Table 1 , column 4; these correlate very well with the numbers of dye-coupled BCs (N DC ) listed in Table 1 , column 3. These results indicate that the variation in BC receptive field center size is mediated at least partially by electrical coupling among BCs of the same kind.
Distributions 
Surround response strengths of bipolar cells
We next investigated whether the strength of surround responses of HBCs and DBCs vary with their rod/cone inputs. Figure 1d are the voltage responses of the HBC R , HBC M , HBC C , DBC C , DBC M , and DBC R elicited by a center light spot and a surround light annulus. The surround light annulus was of the same intensity for all six cells, whereas the intensity of the center light spot was adjusted so that it allowed the annulus to produce the maximum response, as light annulus elicits optimal surround response in amphibian BCs in the presence of center light of appropriate intensity (Skrzypek and Werblin, 1983) . The relative surround response strength, S/(C t Ϫ C S ) (S, C t , and C S are surround, transient center, and sustained rebound responses, respectively) (Fig.  2b, inset) , of the six BCs in Figure 1 are 0.53, 0.67, 1.37, 1.15, 0.78, and 0.26. The average (ϮSD) S/(C t Ϫ C S ) values of the six types of BCs (a total of 91) are listed in Table 1 , column 5. Figure 2b shows the scatter plots of the relative surround response strength [S/(C t Ϫ C S )] of 62 HBCs (filled circles) and 29 DBCs (open triangles) against relative rod/cone inputs (spectral difference ⌬S). Linear regression lines of the data points render slopes of Ϫ0.48/log unit ⌬S for the HBCs (solid line) and Ϫ0.39/log unit ⌬S for the DBCs (dashed line), indicating that the relative surround response strength of both HBCs and DBCs decreases progressively with ⌬S (stronger surround responses for cells with more cone inputs).
Membrane resistance changes accompanying center and surround bipolar cell responses
To study the synaptic circuitry mediating center and surround inputs to BCs, we measured membrane resistance changes associated with voltage responses to center and surround light in various types of BCs. Figure 1e shows the voltage responses of a HBC R , a HBC M , a HBC C , a DBC C , a DBC M , and a DBC R elicited by a center light spot and a surround light annulus, and by a train of Ϫ0.1 nA/200 ms current pulses passed into the cell by the recording microelectrode through a bridge circuit. By balancing the bridge with measurable values of resistance before and after cell impalements, we estimated that the average input resistance of HBCs is 36.68 Ϯ 6.03 M⍀ (n ϭ 46) and that for the DBCs is 52.70 Ϯ 11.68 M⍀ (n ϭ 31). In addition to the difference in average input resistance between HBCs and DBCs, there is no obvious correlation between the resistance values and HBC/DBC subtypes. It is also worthwhile to note that the accuracy of these resistance measurements may be affected by changes of micro- electrode tip resistance during cell impalement. On the other hand, the input resistance changes associated with center and surround voltage responses could be determined with reasonable accuracy by the voltage deflections induced by the given current pulses, because microelectrode tip resistance does not change during light stimulation. For HBCs, the center response was accompanied by a resistance increase (indicated by the downward voltage deflections), and the surround response accompanied by a resistance decrease (indicated by the decrease of downward voltage deflections). For DBCs, the center response was accompanied by a resistance decrease (indicated by the upward voltage deflections), and the surround response accompanied by a resistance increase (indicated by the decrease of upward voltage deflections or downward deflections). The average membrane resistance changes (⌬R) associated with center and surround responses of various types of HBCs (n ϭ 37) and DBCs (n ϭ 24) are listed in Table 2 . Figure 1a and our previous HC study (Zhang et al., 2006) suggest that DBC C s are dye coupled with wide-field HCs (type B HC somas and axon terminals). This raises the possibility that the electrical synapses between wide-field HCs and DBC C s may contribute to the DBC C surround responses. To verify this surround pathway, we first eliminated the contribution of the HC-cone-DBC feedback pathway to DBC C surround responses by bath applying L-AP4, which blocks the feedback surround signal by saturating the cone-DBC synapses. This is a crucial step for demonstrating HC-DBC C electrical synapse contribution to the DBC C surround response because electrical synapse blockers have been shown to affect the HC-cone feedback synapses (Kamermans et al., 2001; Verweij et al., 2003) . Figure 3a , middle trace, shows that the depolarizing center responses were abolished but the hyperpolarizing surround responses maintained (with slightly reduced amplitude) in the presence of 20 M L-AP4. We then added 100 M meclofenamic acid (MFA), a gap junction blocker (Pan et al., 2007) , and found that it reversibly reduced the residual surround responses (Fig. 3b) . We observed such MFA actions in 6 DBCs and all 6 cells were DBC C s (based on their ⌬S values and axon morphology) (Fig. 1a,b) . Hence it is likely that MFA suppresses DBC C surround responses by blocking the electrical synapses between the wide-field HCs and DB-C C s, as shown in Figure 1a and our previous HC study (Zhang et al., 2006) . It is important to show that 100 M MFA did not affect the wide-field HC responses to spot and annulus light stimuli (Fig. 3c,d) , and the receptive field size (Fig. 3e) , and thus the MFA induced DBC C surround response suppression is caused by blockade of the HC-DBC C gap junctions rather than by reducing HC responses to light annuli.
Contribution of the HC-DBC electrical synapses to DBC C surround responses
Surround responses of various types of BCs are mediated by different combinations of lateral synaptic pathways
The membrane resistance measurements in this study have several implications in BC surround responses. First, surround light responses of all HBCs are accompanied by a resistance decrease, and surround responses of all DBCs are accompanied by a resistance increase. This supports the idea that surround responses of all BCs are at least partially mediated by the HC-cone-HBC feedback circuitry (Baylor et al., 1971; Wu, 1992) . Light annuli hyperpolarize HCs that depolarize cones in the BC receptive field center and increase glutamate release from these cones, which results in a depolarizing surround response accompanied by a resistance decrease in HBCs, and a hyperpolarizing surround response accompanied by a resistance increase in DBCs. Our observation that the surround responses are stronger for HBCs and DBCs with more cone inputs (Fig. 2b) supports the idea that the HC-cone-BC feedback pathway plays an important role in mediating the surround responses of all six types of BCs, and the contribution of this pathway (pathway I) to HBCs and DBCs is illustrated in Figure 4 . The second implication is that in addition to the HC-cone-DBC feedback pathway, DBC surround responses may be mediated by the HC-DBC feedforward chemical synapses (Fig. 4 , pathway II) and/or OFF amacrine cell (AC OFF )-DBC feedback synapses (Fig. 4, pathway IV) (Ichinose and Lukasiewicz, 2005; Pang et al., 2007) . Light annuli hyperpolarize HCs and AC OFF s and decrease inhibitory neurotransmitter release from these cells to DBCs. Because chloride equilibrium potentials (E Cl ) in DBCs have been found to be more positive than the dark membrane potential (Miller and Dacheux, 1983; Vardi et al., 2000) , the annulus-induced decrease of inhibitory neurotransmitter results in closure of chloride channels (resistance increase) and hyperpolarizing surround responses in DBCs.
The third implication is that in addition to the HC-cone-HBC feedback pathway, the ON amacrine cell (AC ON )-HBC feedback synapses (Fig. 4 , pathway V) may contribute to HBC surround responses. Light annuli depolarize AC ON s and increase inhibitory neurotransmitter release from these cells to HBC axon terminals. Because chloride in HBCs has been shown to be passively distributed (Miller and Dacheux, 1983) and center light spots hyperpolarize the HBC from its dark potential (and E Cl ), the annulus-induced inhibitory neurotransmitter release from AC ON s opens chloride channels (resistance decrease) in HBCs and result in a depolarizing surround response. On the other hand, HC3 HBC feedforward chemical synapses should have minor (if any) contribution to HBC surround responses, because all HCs in the salamander retina hyperpolarize to light (Yang and Wu, 1989) , and thus light annuli suppress HC neurotransmitter release, resulting in a resistance increase in HBCs.
In addition to pathways I, II, and V, results described by Figure 3 support the idea that HC-DBC C electrical synapses contribute to DBC C surround responses (Fig. 4, pathway III) : light an- nuli hyperpolarize the HCs, drawing current from DBC C s via the gap junction channels (without resulting in resistance changes) and hyperpolarize the DBC C s. This is consistent with the dye coupling data shown in Figure 1a and in our previous HC study [DBC C Table  2) . This is consistent with the notion that glutamate released from rods and cones in darkness opens AMPA receptor-mediated cation channels in HBCs and closes mGluR6 receptor-mediated cation channels in DBCs (Slaughter and Miller, 1981; Maple et al., 1999) . Center light stimuli hyperpolarize rods and cones, suppress glutamate release, and result in a resistance increase (close ion channels) in HBCs and a resistance decrease (open ion channels) in DBCs. There is no significant difference in resistance changes among BCs with different rod/cone inputs, indicating that rod and cone output synapses cause similar postsynaptic conductance changes in BCs.
Heterogeneous BC surround synaptic pathways and ON/OFF crossover lateral inhibition In Figure 4 , we illustrate the possible and unlikely synaptic pathways underlying surround inputs of various types of BCs. Our results suggest that the HCcone-BC feedback synapses contribute to the surround responses of all 6 type of BCs. The negative HC-cone feedback synapses (pathway I) partially "turn off" the center responses by depolarizing the cones (Baylor et al., 1971; Skrzypek and Werblin, 1983) , because the membrane resistance changes associated with surround responses of all BCs are opposite to the resistance changes associated with center responses (Fig. 1e , Table 2 ).
Although all BCs sharing a common surround response pathway (the HC-cone-BC feedback pathway), various types of BCs use different HC and AC inputs to mediate their surround responses. It is unlikely, for example, that HBC surround responses are directly mediated by chemical synaptic inputs from hyperpolarizing lateral neurons such as HCs and AC OFF s because of resistance change mismatch, and thus HBCs may only receive surround inputs from HC-cone-HBC and AC ON -HBC synapses. On the other hand, resistance analysis suggests that DBC surround 
